Some of the adverse physiological effects of hypocarbia are described and the methods available to maintain the PaC0 2 within or near the normal range during controlled ventilation are reviewed.
INTRODUCTION
For over 20 years, the technique of anaesthesia introduced in Liverpool ( Gray and Rees 1952) has been widely practised throughout the world. The technique relies on the use of inhaled vapours or gases, narcotic analgesics and muscle relaxation with controlled hyperventilation to provide safe, satisfactory conditions during surgery and the post-operative period. Hypocarbia has long been accepted as an inevitable and innocuous consequence of the method.
The technique has already undergone a subtle evolution. For example, following the wider availability of blood gas estimations, anaesthetists were surprised and dismayed at the low Pa0 2 values which resulted from the original inspired oxygen concentration of around 20%. This has led to a general use of higher oxygen concentrations during anaesthesia and in the post-operative period. The present paper proposes a further modification to increase the safety of the technique, based on advances in knowledge of physiology, without any loss of usefulness. . Hyperventilation with soda lime absorption III a closed circle or with high fresh gas flows in a non-rebreathing system results in significant respiratory alkalosis. Hyperventilation was suggested from the outset in order to avoid the possibility of respiratory acidosis. The inference was that acidosis was a less desirable state than alkalosis, and this inference is still tacitly accepted today. There is no evidence to support a suggestion that moderate respiratory acidosis (PaC0 2 up to 60 mm Hg) presents a greater threat to anaesthetized patients than does moderate respiratory alkalosis (PaC0 2 down to 20 mm Hg), and there is much evidence to the contrary (Nunn 1972a) .
Arterial carbon dioxide tension is commonly lowered during controlled hyperventilation to levels of 20-25 mm Hg and occasionally down to as low as 10 mm Hg (Nunn 1962) . Such hypocarbia is sometimes specifically intended, for instance, to reduce brain bulk during neurosurgery, or in the management of the patient with head injury. More usually it is passively permitted as a side effect. Recommendations have been made from time to time that normocarbia is, for many patients, a more suitable milieu than hypocarbia (Theye et al. 1966 , Prys-Roberts et al. 1967 , Editorial 1969 , Visick et al. 1973 ) but usually without any comment about how this may readily be achieved.
SOME PHYSIOLOGICAL EFFECTS OF HYPOCARBIA
(1) Reduction in cerebral blood flow, (2) Reduction in cardiac output, (3) Subsequent period of obligatory hyperventilation, (4) Shift to left in haemoglobin dissociation curve, (5) Depletion of extracellular potassium.
(1) Reduction in Cerebral Blood Flow PaC0 2 is one of the physiological determinants of cerebrovascular resistance and hence, cerebral blood flow. The resulting relationship was demonstrated by Kety and Schmidt (1948), Rievich (1964) and Wollman et al. (1965) and is illustrated in Figure 1 .
As early as 1957, Clutton-Brock raised the possibility that hypocarbic cerebral vasoconstriction may cause cerebral hypoxia. This matter has been kept under frequent review and The relationship between arterial carbon dioxide tension and cerebral blood flow demonstrating that hypocarbia produces a considerable reduction in cerebral perfusion. A: Studies of Kety and Schmidt (1947) in normal young men. B: Studies of Reivich (1964) in the rhesus monkey.
The curve is described by the equation: 92·8 CBF -"0· 9 +----____c~~____c~."..
-~
1+105701e-5'251Iog PaCO, C: Studies of Wollman et al. (1965) in healthy human volunteers under general anaesthesia. The regression line is described by the equation: CBF=()·87 PaC0 2 +4·5 though intensively studied, the question is still unresolved. Harp and vVollman (1973) pointed to the extra risks in patients with cerebrovascular disease. Attempts to determine levels of PaC0 2 at which cerebral damage may occur have been unsuccessful Orkin 1968, Blenkane et al. 1972) . The complexity and magnitude of the task of measuring postoperative cerebral function was discussed in a review by Drummond (1975) in which he summarized the tests available, their limits of discrimination and the difficulties involved in their interpretation, emphasizing their unsuitability for routine use.
What should be the anaesthetist's attitude to the effects of hypocarbia on the cerebral vessels? Is it harmless to routinely reduce by half the cerebral blood flow in an elderly patient with cerebral atherosclerosis and metabolic acidosis due to intestinal obstruction? Although there are no clear answers, the questions become irrelevant if hypocarbia is avoided.
(2) Reduction in Cardiac Output Carbon dioxide has a general stimulating effect on the cardiovascular system increasing heart rate, stroke volume, myocardial contractility and peripheral blood flow (Cullen and Eger 1974) . Prys-Roberts et al. (1967) studied the relationship between PaC0 2 and cardiac output under conditions which eliminated other influences known to affect cardiac output during anaesthesia, such as the mechanical effects of intermittent positive pressure ventilation, alterations in circulating blood volume and drug actions. They found a direct relationship, such that falls of up to 20% in cardiac output could be attributed to hypocarbia alone ( Figure 2 ). The mechanism of this action is not clear. It was first thought to be due to a direct action on the heart but Foex and Prys-Roberts (1975) revised this theory and suggested that the fall in cardiac output is related to changes in peripheral resistance. Among the effects of this reduction in output are increased pulmonary shunting and increased alveolar-arterial oxygen gradient. Both these factors predispose to tissue hypoxia. Anaesthesia and Intensive Care, Vol. V, No. 2, May, 1977 Shunts of 30% are not uncommon in very ill patients and under these conditions an inspired oxygen concentration of 97% is required to produce a normal Pa0 2 (Nunn 1972b) . The threat to adequate oxygenation from this cause can be reduced by avoiding hypocarbia.
(3) Subsequent Period of Obligatory Hypoventilation Figure 3 shows the time sequence of PaC0 2 changes which are typical of those occurring when a patient is hyperventilated, and subsequently allowed to breathe spontaneously. During prolonged hyperventilation the body CO2 stores, notably those in bone, are steadily depleted. Sullivan and Patterson (1968) calculated that it would require about 14 minutes of total apnoea to allow restoration of those stores depleted during one hour of steady hyperventilation. In practice, this need to restore carbon dioxide stores results in an indefinite period of obligatory hypoventilation, characterized by a near normal P AC0 2 but a low Pa0 2 • A further cause for post-operative hypoventilation may therefore be added to the many other influences which depress respiratory function at this time. There can be little logic in increasing the ventilatory burden already imposed by pain, residual action of relaxants or narcotics, and by the altered pulmonary function associated with anaesthesia.
The authors have noted that when normocarbia IS maintained, the resumption of spontaneous ventilation at the end of anaesthesia is characteristically prompt. In addition, the tidal volume is often satisfactory prior to the use of neostigmine, even though muscle relaxation has been adequate for surgery. The following is suggested as an explanation. The nature of the binding of the non-depolarizing muscle relaxants at the receptor site is complex. The loss of affinity by these drugs for these sites appears to be subject to a number of factors (Feldman 1974) , one of the more important of these being the concentration of acetyl choline in the post-synaptic cleft. Feldman and Tyrrell (1970) showed that repeated stimulation of the motor nerve will increase this acetyl choline concentration, and so displace the relaxant more readily, with resultant recovery from its effect. Accordingly, it can be postulated that the maintenance of a normal PaC0 2 during anaesthesia will sustain motor activity in the phrenic nerve, resulting in a dispj;Jr'pmpnt of muscle relaxant from receptor sites in the diaphragm. Since the same process is not occurring in other voluntary muscles, the return of adequate respiratory muscle function would precede that in other muscle groups.
(4) Shift to Left in Haemoglobin Dissociation Curve Though the shift to the left in this curve is pronounced at a PaC0 2 of 20 mm Hg (Figure 4) , the difference is negligible at the arterial point.
The shift at the venous point is, however, much more significant. As the venous point indicates the tension of oxygen delivery, lower tissue oxygen tensions will result. In this context the importance of the PaC0 2 was emphasized by Michenfelder and Theye (1969) in a study in which dogs were subjected to the double insult of hypocarbia and low haemoglobin while cerebral oxygen uptake was being measured. As the haemoglobin was progressively lowered, oxygen uptake was well sustained for a time but then suddenly fell. The important observation was then made that this fall could be reversed either by raising the haemoglobin or by raising the PaC0 2 . They concluded that normocarbia could protect the brain from hypoxia in the event of a severe reduction in haemoglobin by maintaining the shape of the normal haemoglobin dissociation curve.
(ii) Depletion of Extracellular Potassium Levels
Acute alterations in pH can cause alterations of extra-cellular potassium concentrations. Alkalosis, whether respiratory or metabolic, may result in reduction in these levels, together with changes in intracellular potassium, which may vary from one tissue to another (Spurr and Liu 1(66) . The occurrence of neostigmine resistant curarization in metabolically deranged patients is well recognized, and has occasionally responded to potassium administration. More recently, a similar state has been described, where hypokalaemia was attributed to passive hyperventilation, and an infusion of potassium was used to reverse the neuro-muscular block (Lewis and Salomonsen 1(70) .
The aspects of altered physiology which have been briefly described have important consequences for oxygen uptake, transport and delivery, and it is timely to review the uncritical acceptance of hypocarbia as a harmless accompaniment of passive hyperventilation. This is especially so, as it is now possible to retain the advantages of the original anaesthetic method without producing hypocarbia. Potentially deleterious effects will bear most heavily on the sickest patients, who, as a group, are the most difficult to study. In addition, the physiological parameters mo'st affected are often those which are the least accessible to measurement.
It is suggested that these effects may result in a further deterioration of the seriously ill patient already experiencing insults such as haemorrhage, anaemia, metabolic acidosis, hypoxia, hypovolaemia, vascular disease of the brain, heart or kidneys, or degrees of ventilatory failure. Although such patients would be at greatest risk, there is no reason why the advantages of additional safety margins should not be conferred on all ventilated subjects.
Recently, new techniques and a reappraisal of old techniques have enabled the clinician to maintain normocarbia in a high proportion of ventilated adult patients, safely and reliably, using conventional apparatus. The arterial carbon dioxide tension is largely determined by the rate of carbon dioxide production in the tissues, on the one hand, and the rate of carbon dioxide removal from the blood, by the lungs, on the other.
In the resting, or anaesthetized patient, the rate of carbon dioxide production is essentially related to the body weight, although other factors such as age, sex and body build may have some influence. Pathological conditions such as pyrexia, thyrotoxicosis and abnormal muscle activity will also increase carbon dioxide production. The approximate carbon dioxide output per minute (V co,) in the resting or anaesthetized subject can be calculated by using the following formula:
where Wi is the t power of the body weight (Kleiber 1947, Suwa and Yamamura 1970) . Predicted \' co, values in the anaesthetized subject range from 112 (small, old, female) to 202 ml/min STPD (large, young, male) (Nunn 1972c) .
Carbon dioxide removal from the lungs during spontaneous respiration is largely under the control of the chemoreceptors which reflexly determine the rate and depth of ventilation. ""hen respiration is controlled, either under anaesthesia or in the intensive care ward, the patient is almost invariably hyperventilatecl. This is because of the strong desire of the clinician to avoid hypoxia . due to hypoventilation.
:'.Iethocls of avoiding hypocarbia during controlled ventilation can be divided into two groups:
(1) J1 a intcllance of lYornz01 'cntilatioll Raclford (1955) introduced a method for estimating the optimal tidal volume for patients Anaesthesia and Intensive Care, Vol. V, So. 2, .. fay, 11)77 during prolonged artificial ventilation. This was a nomogram based on the predicted carbon dioxide production and the respiratory dead space, both calculated from the patient's sex and body weight. He stated that 95% of all adult patients who were ventilated according to this nomogram would have a P A C0 2 between 31 and 46 mm Hg. Nunn (1960 Nunn ( , 1962 ) produced a similar nomogram and a slide rule which predict the relationship between PaC0 2 and ventilation in anaesthetized patients.
(
2) Hyperventilation with Conservation of Carbon
Dioxide Methods for conserving carbon dioxide during controlled hyperventilation are based on either the addition of carbon dioxide to the inspired gases, or the rebreathing of endogenously produced carbon dioxide. The relationship between the arterial CO 2 tension (PaC0 2 ) and the inspired CO 2 tension (P r C0 2 ) is described by the following equation:
where: PE =Dry barometric pressure (mm Hg) VCO,=C0 2 output (mljmin) V A =Alveolar minute volume (ml). (Derived from Nunn, 1972d) .
In the resting or anaesthetized patient V co, will essentially remain constant. If the V A remains constant the PaC0 2 can be manipulated by altering the inspired carbon dioxide tension.
If the patient is hyperventilated V A increases l Vco' l and PE V A decreases. The influence of the P r C0 2 on the PaC0 2 therefore increases as the degree of hyperventilation increases.
A number of methods of increasing the inspired carbon dioxide to maintain normocarbia during hyperventilation have been described. These can be classified into three groups:
(a) The addition of CO 2 to the inspired gases from a CO 2 cylinder connected to the anaesthetic or respirator circuit. (b) The insertion of a mechanical dead-space into the circuit (Suwa, Geffin, Pontoppidan and Bendixen 1968 . Anaesthesia and Intensive Care, Vol. V, No. 2, May, 1977 (c) The restriction of escape of CO 2 from breathing circuits by controlling the fresh gas flow into the circuit. The Mapleson A and D circuits and the Circle System have been extensively studied in this regard, and the following is a short review of the published findings.
THE MAPLESON A (MAGILL) CIRCUIT In the spontaneously breathing patient, satisfactory carbon dioxide elimination can be achieved with a fresh gas flow equal to the alveolar minute volume (Mapleson 1954) . This is equivalent to approximately 70% of the minute volume, or 3-5 litres/minute in the adult patient (Kain and Nunn 1968 , Norman Adams and Sykes 1968 , Conway 1967 , Conway et al. 1967 ). The circuit is less efficient when used for controlled ventilation (Waters and Mapleson 1961) , fresh gas flows approximately of 5 litres/ minute being required to maintain normocarbia (MarshaU and Henderson 19(8) . Hyperventilation at higher flow rates results in hypocarbia.
THE MAPLESON D CIRCUIT Two variants of this circuit are commonlv used in anaesthetic practice: The modified Ayre's T-piece and the Bain Circuit.
(i) The Modified Ayre's T-Piece (Ayre 1937 , Rees 1959 . Factors which are important in the elimination of carbon dioxide during the use of this circuit are fresh gas flow, alveolar minute volume, ventilatory waveform and inspiratory/expiratory ratios (Inkster 1956 , Onchi, Hayashi and Ueyama 1957 , Mapleson 1958 , Harrison 1964a , 1964b . With both spontaneous and controlled ventilation carbon dioxide rebreathing can be prevented by using fresh gas flows of 2-3 times the minute volume (Nightingale et al. 1965, Lee and Atkinson 1975) .
However, to avoid hypocarbia during hyperventilation with this circuit carbon dioxide rebreathing is essential. Nightingale, Richards and Glass (1965) , showed that in anaesthetized children undergoing controlled ventilation a fresh gas flow of 220 ml/Kg/min into the circuit was sufficient to prevent a rise in the end-expired carbon dioxide concentration. This flow rate is much lower than is normally accepted for the modified Ayres T-piece (Table 1) .
Unfortunately the results of Nightingale et al. (1965) are based on end-expired CO 2 concentration rather than PaC0 2 • If they are The first tiyc columns represent a summary of the work of ~ightingale. Richards and Glass (1!J6ii). They showed that satisfactory anaesthesia, oxygenation and carbon dioxide consen~ation could be achicycd by using a frcsh gas flow of 220 mljl\:g into thc :\lapleson D circuit. The last column indicates the usually acccpted fresh gas flows of 2-3 times the minute yolume. Clearly the commonly used flows are higher than are necessary, especially in infants. The PaC0 2 was calculated using the formula: 
A review of four series of clinical studies concerned with the control cf PaCO, in patients during controlled ventilation on the :\Iapleson D circuit or its Bain modification, by limiting fresh gas flow into the circuit. In Baraka's (1!J6\1) series and in that of Gibb, Prior and Pollard (1977) no allowance was made for the patients' weight, whereas the other authors used the patients' weight as a basis for calculating the fresh gas flow requirements. Similar results were recorded in all four series. Care, Vol. V, No. 2, lllay, 1977 3 Author Benson, Graff, Hurt, and Suwa and Yamamura Scholfield and Snowdon, Powell, Lim (1968 ) Williams (1975 ) Fadl (1975 and converted to PaC0 2 allowing an arterial-alveolar tension gradient of 5 mm Hg (Nunn 1972f ) the average PaC0 2 would be 36·8 mm Hg with a range of 26· 3 to 49·1 mm Hg. This clearly demonstrates that the fresh gas flows commonly employed in paediatric anaesthesia are considerably in excess of those required to maintain the PaC0 2 within, or close to, the normal range.
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(ii) The Bain Circuit (Bain and Spoerell972) This is a modification of the Maples on D system in which the fresh gas inflow tube is placed inside the expiratory limb. Bain and Spoerel (1973) demonstrated that during controlled ventilation normocarbia could be achieved in the majority of anaesthetized patients if the fresh gas flow was 70 ml/Kg/min. These findings were confirmed by Henville and Adams (1976) . The results are shown in Table 2 .
The recorded three-fold disparity between the fresh gas flow requirement for the child on a T-piece circuit (see above) and that for an adult on the Bain circuit is puzzling and requires further investigation. Baraka (1969) and Gibb, Prior and Pollard (1977) recorded similar results in adults hyperventilated on the Mapleson D circuit with a fixed fresh gas flow of approximately 4·5 litres/ minute ( The elimination of carbon dioxide from the Circle System in which the soda-lime has been excluded has been studied by several authors (Table 3) . Suwa and Yamamura (1970) carried out a mathematical analysis of the system and concluded that the P A CO 2 (and hence the PaC0 2 ) could be derived from the following equation: P AC02~ 0 ·8 .Vco, Vf where P A C0 2 =Alveolar CO 2 tension (mm Hg) V co, =C0 2 production (ml/min), derived from Kleiber's formulae or computerized tables relating CO 2 production to weight, sex and age.
Vf=Fresh gas flow into the circle at ambient temperature (l/min). Other authors, (Benson et al. 1968 , Snowdon et al. 1975 ) have emphasized the importance of ventilatory volumes. During controlled ventilation without re breathing the PaC0 2 is undoubtedly inversely proportional to the alveolar ventilation. However, in the circuit described, carbon dioxide can only escape from the expiratory valve at a rate proportional to the fresh gas flow. Hyperventilation serves 120 BRIAN POLLARD AND DAVID B. GIBB mainly to equilibriate the alveolar gas with that in the circuit and, for all practical purposes, has little influence on the PaC0 2 levels achieved (Scholfield and Williams 1975) . CONCLUSION Anaesthetic methods where muscle relaxants are used to facilitate passive hyperventilati on are widely practised, because they are safe, effective and versatile for a wide range of patients and surgery. Hypocarbia, which has been an accompanime nt of these techniques, has been further studied in the last decade, so that it can now be shown that for some patients, a low PaC0 2 presents a potential threat. A clinical difficulty lies in the fact that the physiological changes may be in areas which can scarcely be critically measured at all, or only with apparatus which is not generally available, so that the anaesthetist cannot, at present, know which patient is at risk.
Enough studies of different methods have been reported to verify that simple modification is all that is needed to convert techniques from those with a low mean PaC0 2 to those with a modest scatter about the normal value, with a reasonable proportion actually falling in the normal range. There does not now seem to be any reason why this modification should not be routinely applied, except where body carbon dioxide production may be abnormal, or where hypocarbia is specifically intended.
